INTRODUCTION
A complex kinetic situation occurs when it is not possible to separate experimentally several coupled reactions, such as the chemical reaction of stabilization of the last product of an enzymic reaction. In previous papers, kinetic analyses of a system of two chemical reactions coupled to an enzymic reaction (Escribano et al., 1984) , of one second-order chemical reaction coupled to an enzymic step (Escribano et al., 1985) and of the most complex scheme of dopa (3,4-dihydroxyphenylalanine) oxidation by tyrosinase to dopachrome (Garcia-Carmona et al., 1982) have been carried out. In the present work, the study of two consecutive reactions catalysed by the same enzyme has been approached, using the bifunctional enzyme milk xanthine oxidase (xanthine: oxygen oxidoreductase, EC 1.2.3.2) that catalyses the two reactions in purine catabolism in mammals: 12 Hypoxanthine -+ xanthine -* uric acid Owing to the fact that both reactions are sequential, kinetic study of the hypoxanthine oxidation reaction is very difficult, because the second activity upon xanthine (step 2) occurs simultaneously with the formation of the xanthine as the product of the first one (step 1). Because of this, most kinetic studies of xanthine oxidase have been limited to its second activity (Gutfreund & Sturtevant, 1959; Ackerman & Brill, 1962; Jezewska, 1973; Olson et al., 1974) .
The attempts made in relation to the analysis of the global activity of xanthine oxidase with hypoxanthine as substrate have led to some very general ideas about this process, such as that the xanthine/uric acid ratio depends on three factors: (a) time of reaction, (b) enzyme concentration and (c) hypoxanthine concentration (Jezewska, 1973) . However, owing to the procedure used, it is not possible to make a correct determination of the Michaelis constants of xanthine oxidase (Jezewska, 1973) or the related enzyme xanthine: NAD+ oxidoreductase (Kaminski & Jezewska, 1981 for hypoxanthine.
The present paper describes kinetic experiments for studying the time course of the overall reaction and computer simulations to determine the kinetic parameters of each reaction catalysed by xanthine oxidase. Likewise a new spectrophotometric method that permitted a continuous evaluation of hypoxanthine, xanthine and uric acid concentrations in the reaction medium was set up.
THEORY
Xanthine oxidase and xanthine dehydrogenase catalyse the oxidation of xanthine by oxidizing substrate such as 02 and NAD+ respectively. The effects of varying the concentration of the reducing substrate at fixed concentrations of the oxidizing substrate, and vice versa, on the activities of bovine milk xanthine oxidase (Fridovich, 1964; Massey et al., 1969) , chicken liver xanthine dehydrogenase (Rajagopalan & Handler, 1967) and turkey liver xanthine dehydrogenase (Cleere & Coughlan, 1975) have been reported. In each case double-reciprocal plots of the data gave parallel lines and therefore t pingpong mechanism has been proposed.
Assuming a ping-pong mechanism for the oxidation of hypoxanthine and xanthine by milk xanthine oxidase and that uric acid could bind to the oxidized or the reduced form of the enzyme owing to the considerable structural similarity to both substrates, the inhibition will be more complex than that of a simple reaction product, and therefore the kinetic scheme will be: Assuming the steady-state conditions and considering that the study is performed under saturating concentration of 02 (0.26 mM) (Ackerman & Brill, 1962; Fridovich, 1964; Massey et al., 1969) Computations were performed using a program written in BASIC and run on an Olivetti M-20 computer. The absorbance data of the kinetic assays were fitted by non-linear regression coupled to the numeric integration of the differential eqns. (1), (2) and (3).
The corresponding kinetic parameters, Vmaax and Km, to hypoxanthine and xanthine were determined by using non-linear regression by the Marquardt algorithm (Marquardt, 1963) , whereas for the numeric integration a method of numerical integration of fourth order of Runge-Kutta (Bronson, 1981) was used.
MATERIALS AND METHODS Materials
Milk xanthine oxidase was purchased from Sigma Chemical Co. and had a specific activity of 1.1 units/mg of protein. Hypoxanthine, xanthine and uric acid also came from Sigma Chemical Co. One unit of enzyme is defined as the amount that transforms 1.0,tmol of xanthine into uric acid per min at pH 8.0 at 25 'C.
All solutions were prepared in 30 mM-Tris/HCl buffer, The spectrophotometric measurements of enzymic activity were carried out with the aid of an Aminco DW-2 spectrophotometer, equipped with an Aminco- Xanthine oxidase activity was assayed by monitoring the hypoxanthine disappearance at 279.9 nm, the isosbestic point of xanthine and uric acid. Xanthine formation and its disappearance were spectrophotometrically determined at 271.0 nm, the isosbestic point of hypoxanthine and uric acid, and uric acid accumulation was monitored at 264.6 nm, the isosbestic point of hypoxanthine and uric acid.
The concentrations of hypoxanthine, xanthine and uric acid at each time were evaluated according to the following expressions: For this purpose the apparent molar absorption coefficients were determined:e2799= 6.13 x 101, ex 67.
271.0-4.08 x 10 and 4'646 = 3.85x 10 M-1cm-1.
RESULTS AND DISCUSSION
By using spectroscopic scanning techniques the reaction intermediates can be detected. This technique was used to measure xanthine as a transient in the hypoxanthine -. uric acid reaction. The spectral pattern obtained during the hypoxanthine oxidation by xanthine oxidase is shown in Fig. 2(a) , in which no isosbestic point appears. With time there was a disappearance of the maximum at 249 nm corresponding to hypoxanthine and an initial increase of absorption at 270 nm corresponding to the increase of the xanthine concentration in the reaction medium. In addition, there was observed the appearance of two maxima at 293 nm and 238 nm due to the uric acid formation.
The graphic analysis application procedure of Coleman et al. (1970) to this spectral set showed a good fit related to the existence of three different species kinetically correlated (Fig. 2b) , these being obviously hypoxanthine, xanthine and uric acid, since during the hypoxanthine oxidation by xanthine oxidase the intermediate accumulation of xanthine and formation of uric acid as final product are produced. When the study of the second reaction catalysed by xanthine oxidase was carried out, the disappearance of two maxima corresponding to the xanthine spectrum was shown (Fig. 3) , accompanied by the appearance of the two characteristic maxima of uric acid and two isosbestic points (279.9 and 246.4 nm), which were identical with those shown in Fig. 1 Determination of the kinetic constants of xanthine oxidase for xanthine As an initial step in the study of the overall reaction of xanthine oxidase, the kinetic constants for the individual reaction of xanthine oxidation were determined by means of steady-state velocity studies of the xanthine -+ uric acid reaction with different substrate concentrations.
The spectrophotometric measurements were carried out at 293.0 nm, corresponding to the absorbance maximum of the uric acid spectrum (e = 10 mm-' cm-') (Heinz et al., 1979) .
The Km for xanthine obtained (3.7 ,M) was similar to that obtained by other authors (Jezewska, 1973; Olson et al., 1974; Morpeth, 1983) . Steady-state-velocity studies with a xanthine concentration range from 11.5 to 47.1 /tM and in the presence of different uric acid concentrations from 11.7 to 161.5 /SM showed in Dixon plots that uric acid acts as a linear competitive inhibitor (K, = 178,UM) (results not shown). This value was introduced as a constant in the non-linear-regression analysis, since its high value indicates a limited contribution of this step.
Kinetics of the overall reaction
The oxidation of xanthine to uric acid catalysed by xanthine oxidase has been extensively studied by several authors (Jezewska, 1973; Olson et al., 1974; Morpeth, 1983) , with evaluation of the corresponding kinetic parameters. However, the step of xanthine accumulation from hypoxanthine oxidation has been hardly approached from the kinetic point of view, since it has not been possible to determine the kinetic parameters of that reaction, either from the xanthine accumulation, which is the substrate of the second reaction, or from the quantification of the final product of the two consecutive reactions catalysed by xanthine oxidase, i.e. uric acid.
This problem was approached by Jezewska (1973) The kinetics of the overall reaction were studied by incubating the enzyme with hypoxanthine, in the absence or in the presence ofxanthine or uric acid, and monitoring the disappearance of hypoxanthine (at 279.9 nm), the appearance and oxidation of xanthine (at 271.0 nm) and the accumulation of uric acid (at 264.6 nm) during the reaction (Fig. 4) .
The kinetic parameters Vm.. and Km for hypoxanthine and xanthine were evaluated by non-linear regression by fitting of four parameters, by using initial estimations of Km and Vm.ax values for xanthine experimentally determined. The Km and Vm.. values assigned for hypoxanthine were similar to those for xanthine, since experimentally it was proven that the uptake of half concentration of hypoxanthine coincided with the maximum xanthine accumulation.
The fitting by non-linear regression was carried out for three different experimental situations of hypoxanthine oxidation by xanthine oxidase: (a) hypoxanthine oxidation; (b) hypoxanthine oxidation in the presence of xanthine; (c) hypoxanthine oxidation in the presence of uric acid.
The kinetic parameters corresponding to the overall reaction obtained under these experimental situations were very similar, and hence the weighted mean of each one was evaluated, and is shown in Table 1 .
When the theoretical curves obtained by simulation of eqns. (1), (2) and (3) by using the kinetic parameters calculated by non-linear regression were superimposed on the data experimentally obtained (Fig. 4) , a good agreement between the predicted behaviour and the experimental results was obtained.
In order to complete the study and to confirm the kinetic parameters obtained for the overall reaction, analysis of the reaction of xanthine oxidation by xanthine oxidase in the absence of hypoxanthine was carried out.
By using as initial values those obtained by non-linear regression analysis of the overall reaction, the fitting by non-linear regression of the respective parameters study of the progress curves led to Km and Vm.. values for xanthine that showed a high concordance with regard to the initial estimations. At the same time, the superposition of the theoretical curves simulated from the kinetic parameters obtained by non-linear regression with the curves obtained experimentally (Fig. 5) was good enough. The values of those parameters coincided with the ones determined by the analysis of initial rates at different xanthine concentrations.
The results obtained in the present work are in agreement with a ping-pong mechanism for the xanthine oxidase catalysis in its activity upon xanthine as has been extensively proposed (Fridovich, 1964; Massey et al., 1969; Morpeth, 1983) as well as in its activity upon hypoxanthine, with KH 1.72 + 0.10 /OM.
The uric acid in the reaction medium acts as a competitive inhibitor even at saturating concentration of 02, but, however, this is in disagreement with the typical expression for the inhibition by product of the ping-pong mechanism (Roberts, 1977) . This can be explained by its close structural similarity to the substrates and therefore it tends to react with the oxidized enzyme form, which permits uric acid to express characteristics of a competitive inhibitor.
